Abstract. Absorption attributable to atmospheric IO is observed in high-resolution, high air mass solar spectra taken at the National Solar Observatory, Kitt Peak, Arizona, in March 1995. These observations, together with cross sections measured in the laboratory for the IO {A21-I3/2<--X 2H3/2 (2,0) } rotationally resolved electronic transition, are consistent with a total stratospheric i(:dine mixing ratio of 0.2 (+0.3 -0.2) parts per trillion by volume. This result, combined with r, :cent laboratory measurements of the rate of the reactions of IO with other halogen species, suggests that iodine chemistry is not responsible for the reductions observed in lower stratospheric ozone during the last several decades.
Introduction
During the past several decades, global ozone reductions have been measured by ground-and satellite-based instruments [World Meteorological Organization/United Nations Environment Programme (WMO/UNEP), 1995]. Halogen chemistry is thought to be partially responsible, given the rising burden of stratospheric chlorine. However, neither the absolute magnitude nor the spatial and seasonal variation of the trend in ozone is well understood. In particular, models cannot account for the large losses of ozone (0.6% yr-l) observed in the lower stratosphere [Solomon et al., 1994b] . Recently, Solomon et al. [1994a, b] suggested that iodine chemistry may be responsible. If significant concentrations of iodine monoxide (IO) exist in the stratosphere, the reactions of IO with C10, BrO, and HO2 would be important catalytic pathways for the destruction of lower stratospheric ozone.
In this study, high-resolution visible wavelength absorption spectroscopy of the atmosphere, using the Sun as a source, is employed to measure the column abundance of stratospheric IO. Although the infrared analog of this technique has been used for many years to study atmospheric trace species [e.g., Murcray et al., 1968; Rinsland et al., 1985] , high resolution spectroscopy has not enjoyed much popularity for use in the visible and ultraviolet spectral region, where much lower resolution techniques are typically employed [e.g., Noxon et al., 1979] . For molecules that exhibit narrow spectral absorption features, however, significant advantages in sensitivity and selectivity can be obtained 0.05 cm-l) providing an unambiguous fingerprint from many individual lines of IO. The rotationally resolved absorption cross sections of this band are sufficiently large that if one part per trillion by volume (pptv) of IO existed in the stratosphere, numerous absorption features greater than 1% would be present in the solar spectrum at high solar zenith angles (SZA). We have attempted to observe these features in spectra taken with the high-resolution Fourier transform spectrometer (FTS) at the National Solar Observatory, Kitt Peak, Arizona [Brault, 1978] 2. IO A •--X Vibrational Band Cross Sections I0 was first observed spectroscopically in emission by Vaidya [1938] from a methyl iodide flame source. Durie et al. [1960] used a high-resolution grating spectrograph to assign six vibrational bands of the A •-X transition of IO. They noted that the rotational features within the 2-0 vibrational band (445 nm), unlike the other bands, were not broadened beyond the resolution of the spectrograph. Subsequently, this transition has been observed with laser-induced fluorescence [Inoue et al., 1983; Turnipseed et al., 1995a] and Doppler-free laser spectroscopy [Bekooy et al., 1983] . In the latter study the natural lifetime of the excited state was observed to scale with rotational energy. Table 2 ). Poor viewing conditions limited the number of observations. Only one sunset measurement was obtained, and, unfortunately, 
Wavelength Calibration
An accurate wavelength scale is essential to a proper analysis, since the IO spectrum must be aligned with the atmospheric Large absorption features due to telluric water vapor are also seen in the absorbance spectrum shown in Plate lb. Furthermore, as is evident in the expanded section shown in Plate 2, numerous small features due to NO 2 are present in both the high and low air mass spectra with strengths roughly proportional to the ratio of the stratospheric air mass (x 9). In Plate 2b we have removed the contribution due to NO 2. An NO 2 spectrum taken in the laboratory at low temperature (-35 øC) and low pressure (< 15 mbar) was used for removing the influence of NO2. The procedure used is discussed in the Appendix.
In Table 2 ). The dotted lines show the absorption expected if 1 pptv of inorganic iodine was present in the stratosphere.
After dividing the high air mass spectra by the low air mass spectra and removing the NO2 signal (see Appendix), we obtain the residual absorption which is used to determine the IO slant column (Plate lb). Of the many rotational lines of IO listed in Table I and truncated outside a region 2.75 times the FWHM. The mean value inside the region is then subtracted, leaving a differential cross section for the line (see Plate l c), which we call the IO "gap function." For the nth line, the contribution to absorbance by IO, c n, is evaluated as the sum (over the frequencies coveting each line) of the product of the gap function, gn, and the observed absorbance, a n , divided by the sum of the squares of the gap function: c n = •(a n x gn ) / •(gn x gn ).
If we write a n more generally as a n = k n x gn + oe, where k is the total observed band intensity (summed over the n rotational lines) and oe represents a noise contribution with •(oe x gn) --0, then c n --k n. This result is insensitive to any constant offset (since the mean o_r the gap function is zero) and to any linear slope in the region (since the gap function is symmetric). We thus obtain from each line a separate estimate of the value of k. These values are then used to obtain a weighted mean (with a weight for each k n that is proportional to the square of the This analysis produces an estimate of the change in the slant column of IO between 88 ø and 60 ø SZA. To infer the mixing ratio of stratospheric iodine from this measurement, we need to estimate how stratospheric iodine is partitioned between the various iodine containing species both as a function of altitude and solar zenith angle. This is discussed in detail below. In addition, however, we need to consider the potential influence of iodine present in the troposphere.
Our sensitivity to tropospheric IO is considerably smaller than for IO present in the stratosphere, due to the pressure broadening of the spectral lines and our use of the gap filter (see Appendix).
To illustrate how much tropospheric IO would be required to fully explain the observed IO signal, in Plate 3d we subtract a tropospheric column change of 0.0 (red), 2.0 (green), and 4.0 x 1013 (black) molecule cm-2 of IO from the cross correlation of the gap filter with the atmospheric transmittance, assuming the IO column is centered at 500 mbar (265 K) and that no iodine is present in the stratosphere. A column change 5 times larger would be required to produce the IO signal observed if it is weighted at 500 mbar rather than 100 mbar. Our sensitivity to tropospheric IO decreases even more rapidly with pressure above 500 mbar. For instance, to produce the signal seen in Plate 3a the tropospheric column change would have to be approximately 15 times larger (6 x 1013 molecule cm-2) if it was centered in the planetary boundary layer.
Despite the reduced sensitivity to tropospheric IO, iodine present in the lower atmosphere could lead to either an overestimation or underestimation of the stratospheric column. If the slant column of tropospheric IO is larger at SZA 88 ø than 60 ø, then our estimate of the stratospheric column is too high. On the other hand, because the photolysis rates of the inorganic iodine reservoir species (e.g., IONO2, HOI) will be considerably smaller at high SZA in the troposphere than in the stratosphere, there is a small possibility that the tropospheric IO slant column could be larger at 60 ø than at 88 ø , despite the much larger air mass (9 times), thus leading to an underestimation of the stratospheric column. However, as shown in Plate 2, the low air mass spectrum (red) has very little structure at the appropriate frequency width (--0.1 cm-1). Because there are no obvious absorption features coincident with the IO wavelengths, we are assured that by using the low air mass spectrum to remove the solar structure we are not adding significant signal due to absorption by IO of either sign to the atmospheric transmittance. Additionally, the signal-to-noise ratio of the low zenith angle spectrum is sufficiently high that it does not contribute to the final uncertainty. For example, in the region shown in Plate 2b, twice the RMS noise at 0.1 cm-l frequency width is less than 0.0004 absorption, essentially shot noise limited (see Table 2 ). For the IO lines used in this analysis, the absorption cross sections are approximately 2 x 10 -16 cm 2 and so this noise is equivalent to a stratospheric IO column of less than 2 x 1012 molecule cm-2.
Three conclusions can be drawn from the results of Plate 3a:
(1) The direct detected IO signal is very small (equivalent to a stratospheric IO slant column decrease of 4 + 4 x 1012 molecule cm-2 as SZA changes from 88 ø to 60ø); (2) Because there is considerable agreement between the different observations, the curves represent a systematic signal rather than random noise; (3) However, because Plates 3c and 3d are similar, we can not be sure whether the observed absorption is due to a stratospheric or a larger tropospheric IO slant column change. Additionally, because the low air mass spectrum could contain a small tropospheric IO slant column that is not present early in the morning, the stratospheric IO slant column change could be systematically low by no more than 2 x 1012 molecule cm-2, as determined from the RMS noise in the low SZA spectra. Thus we conclude that the stratospheric IO column changed by no more In particular, they note that a small aerosol sink in the midtroposphere could remove essentially all the inorganic iodine. Although IO and atomic iodine are expected to dominate the daytime inorganic iodine budget, potential heterogeneous chemistry of these species was not included in the model of Davis et al. [1996] . In any case, the small inorganic mixing ratio inferred from our and Pundt et al.'s measurements suggests that either very little inorganic or organic iodine reaches the stratosphere or else, once in the stratosphere, it is removed onto the sulfate aerosol.
Iodine and Stratospheric Ozone
The change in the slant column of IO determined here, com- In this work, because very high spectral resolution is employed, we have investigated the pressure dependence of the NO2 absorption cross sections as well.
Shown in Figure A2 is a small portion of the NO2 spectrum taken in the laboratory with the same spectrometer used to measure the IO pressure broadening. The resolution of the spectra is approximately 0.05 cm-1. The solid thin and dashed lines are the spectra taken at temperatures of 240 and 298 K, respectively, at a pressure of less than 10 mbar. The thick solid line is the spectrum taken at 800 mbar 298 K. Dramatic changes due to pressure broadening of the NO2 rotational lines are observed. Small but discernible changes are also seen in the two low-pressure spectra taken at different temperatures.
In Figure A3 , the cross correlation of the IO gap filter used in this study with the NO 2 laboratory spectra is shown. The col- To determine how NO2 could influence our measurement of the IO column, we carried out the same analysis performed in section 6 without first accounting for absorption due to NO 2. Without removing the spectral features due to NO2, the cross correlation of the IO gap with the atmospheric transmission spectra produces an estimate for the IO slant column change between $ZA = 88 ø and 60 ø of 0 _+. 8 x 1012 molecule cm-2. The "noise" in the cross correlation increases by a factor of 2, and is highly correlated with the residuals shown in Fig. A3 . Furthermore, because the cross correlation signal at zero lag is negative, the atmospheric NO 2 leads to an underestimate of the IO column.
For the analysis performed in this work, the low-temperature, low-pressure laboratory NO2 spectrum (Fig. A2) is first fit to the atmospheric transmission in regions away from solar lines, telluric water lines, or any IO lines. The appropriate NO2 signal is then subtracted from the entire spectrum. Because the full NO• column produces a negative IO signal nearly as large as the IO column determined in this study, care must be taken in matching the atmospheric residual to the laboratory spectrum. For example, to ensure that the retrieved IO signal is not affected significantly (+ 25%) by absorption due to NO2, the stratospheric NO• residuals must be matched to within 25%. Fortunately, because there are numerous strong NO 2 lines throughout the spectrum, this is accomplished quite easily (see Plate 2).
